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PipelinesAbstract Pressure transients in conduits such as pipelines are unsteady flow conditions caused by a
sudden change in the flow velocity. These conditions might cause damage to the pipelines and its
fittings if the extreme pressure (high or low) is experienced within the pipeline. In order to avoid
this occurrence, engineers usually carry out pressure transient analysis in the hydraulic design phase
of pipeline network systems. Modelling and simulation of transients in pipelines is an acceptable
and cost effective method of assessing this problem and finding technical solutions. This research
predicts the pressure surge for different flow conditions in two different pipeline systems using
WANDA Transient simulation software. Computer models were set-up in WANDA Transient
for two different systems namely; the Graze experiment (miniature system) and a simple main water
riser system based on some initial laboratory data and system parameters. The initial laboratory
data and system parameters were used for all the simulations. Results obtained from the
computer model simulations compared favourably with the experimental results at Polytropic
index of 1.2.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Flows in pipeline systems
The use of pipelines in the transportation of fluids is essential
as it could be a more convenient means. Pipeline systems could
be very simple, large or complex in nature. A very good exam-
ple of a simple pipeline system is a single pipe transporting
water from one reservoir to another. Complex pipeline systems
could take the form of an interconnected set of water distribu-
tion networks for a major metropolitan area. Also, a complex
system may have different sub-networks separated by varying
energy lines or pressure levels that serve different locations
within the networks [1,2]. Hydraulic components such ass Eng J
Nomenclature
Symbol Definition (Unit)
A cross sectional flow area of the pipe (m2)
Cl total loss co-efficient from reservoir to air pocket
for all hydraulic losses except friction (–)
C1 total loss co-efficient from entrance to exit
including fiction losses (–)
d1 inner diameter of the vertical and section of
galvanized steel pipe (m)
d2 inner diameter of the plastic tube (air vessel) (m)
D pipeline diameter (m)
e wall roughness (m)
f1 friction factor in the pipe (m)
f2 friction factor in plastic tube (air vessel) (–)
g acceleration due to gravity (m/s2)
hatm local atmospheric head (m)
H absolute pressure head of the air volume (in metre
of water) (m)
H1 upstream head at point 1 (m)
H2 downstream head at point 2 (m)
HA constant reservoir head (m)
HGA gauge pressure head at the main supply (m)
Hp gauge pressure head at the temporary BOUNDH
reservoir (m)
HR constant head value of the reservoir (m)
HY head in horizontal pipe section at a distance LY
from the reservoir (m)
HZ head in vertical pipe section at a distance LZ from
the horizontal pipe (m)
L length of the pipe (m)
L11 horizontal section of galvanized steel pipe (m)
L12 vertical section galvanized steel pipe (m)
L21 length of plastic tube (height of air vessel) (m)
LTC distance between upper end of plastic pipe to
location of thermocouple (m)
LY length along L11 measured from the reservoir to
location Y (m)
LZ length along L12 measured from pipe L11 to
location z (m)
n mean polytropic index (–)
P absolute pressure of the air volume (Pa)
Re Reynolds number (–)
t time (s)
v flow velocity (m/s)
V volume of air (m3)
z elevation (m)
Greek
l co-efficient of dynamic friction (N s/m2)
Subscript
i initial condition
1 upstream condition /pipeline
2 downstream condition/air vessel
2 P.U. Akpan et al.pump(s) for supplying the pressure required to overcome static
head and losses (frictional and minor) and valve(s) used to
control the rate, direction and pressure of fluid flow are usually
required.
Transient flows in pipeline maybe initiated by systems
operator, be imposed by an external event, be caused by a
badly selected component or be developed as a result of poor
maintenance [2]. Some of the events that cause transient
flows include the following: uncontrolled pump trip, valve
movement, check valve slam, pump start problem, excitation
of resonant vibrations by pumps with an unstable head against
discharge curve, and air in lines [1–8].
The study of true transient flows must include fluid inertia
and may also include the elasticity or compressibility of
the fluid and the conduit. The rigid column theory and water
hammer theory are the two approaches adopted in pressure
transient analysis [1,2,9]. In both cases, the analysis requires
the application of Newton’s second law which leads to the
Euler equation. In the rigid column analysis approach, the
elastic effects of the fluid and conduit material are ignored
without compromising the accuracy of the analysis. When
the velocities in a pipe system change so rapidly that the elastic
properties of the pipe and liquid must be considered in an
analysis, then we have an elastic theory of hydraulic transient
commonly known as water hammer [10,11]. A water hammer
is a pressure surge or wave caused by the kinetic energy of a
fluid in motion (especially in conduit systems) when it is forced
to stop or change direction suddenly [12].Please cite this article in press as: Akpan PU et al., Modelling and transient simulation
(2015), http://dx.doi.org/10.1016/j.asej.2015.09.0061.2. WANDA Transient simulation tool
WANDA Transient is manufactured by Deltares in the
Netherlands for the hydraulic design and optimization of pipe-
line systems ranging from small central heaters to hydrocarbon
transport pipelines. WANDA has been used for diverse appli-
cations related to drinking water systems, oil or liquefied nat-
ural gas loading and offloading systems, fire fighting systems,
process plant piping, district heating systems, hydropower
industry, aircraft hydraulics, etc. WANDA’s intelligent com-
ponents and user-friendly interface enable its user to carry
out any hydraulics analysis in the most efficient way [13].
The software is operated in two main modes (the engineering
mode and the transient mode). The engineering mode supports
most common activities in the hydraulic design of any piping
system. In this mode, steady state flow condition (stationary
flow) analysis can be carried out. The transient mode allows
unsteady flow conditions (water hammer) to be investigated.
[13].
The objective of this work was to predict the pressure surge
for water flow in two different pipeline systems using WANDA
transient simulation software.2. Methodology
Computer modelling and simulation were done for two
systems using the WANDA Transient simulation tool. Theof water flow in pipelines using WANDA Transient software, Ain Shams Eng J
Figure 1 Geometric model of Graze’s Laboratory set-up [14].
Modelling and transient simulation of water flow 3description of the two systems investigated (system A and
system B) is explained in Sections 2.1.1 and 2.1.2.
2.1. Description of investigated systems
2.1.1. System A: Graze laboratory set-up
System A (see Fig. 1) is a geometric model of Graze’s labora-
tory set-up [14]. A pressure transient situation is triggered by
the sudden closure of the quick acting valve. The consequent
oscillation of the liquid column as soon as the valve closes is
what the laboratory set-up seeks to replicate.
L11 is the horizontal section of galvanized steel pipe, L12 is
vertical section galvanized steel pipe, LY is length along L11
measured from the reservoir to location Y; LZ is length along
L12 measured from pipe L11 to location z, L21 is the length of
plastic tube, LTC is the distance between upper end of plastic
pipe to location of thermocouple, X is the length of air pocket
measured from upper end of plastic pipe, and d1 is theFigure 2 Simple water
Please cite this article in press as: Akpan PU et al., Modelling and transient simulation
(2015), http://dx.doi.org/10.1016/j.asej.2015.09.006diameter of the vertical and section of galvanized steel pipe
d2 diameter of the plastic tube (air vessel). HA is the constant
reservoir head. HY is the head in horizontal pipe section at a
distance LY from the reservoir, HZ is the head in vertical pipe
section at a distance LZ from the horizontal pipe, H is head in
the air pocket, v1 is the velocity in the galvanized steel pipe,
and v2 is velocity at the interface between air and water in
the plastic tube (air vessel).2.1.2. System B: Simple water main riser system
The simple main water riser system in Fig. 2 is a much larger
system when compared to the Graze Laboratory set-up. For
instance, the volumetric size of the air vessel of this system is
about 440 times bigger than that of system A. A pump
discharges flow at a rate of 381 m3/h (1400 gpm) to a constant
head reservoir with a static lift of 64 m. The transient condition
is triggered by a sudden pump trip.main riser system.
of water flow in pipelines using WANDA Transient software, Ain Shams Eng J
4 P.U. Akpan et al.2.2. Computer modelling and simulation using WANDA
Transient
Computer models were set up for systems A and B. These
models are discussed in Sections 2.2.1 and 2.2.2 respectively.
The following assumptions were incorporated while setting up
the computer models in WANDA: No cavitation, dynamic
friction (steady friction), no dissolution of gases, Newtonian
fluid (water was used), Incompressible flow and inelastic pipe
for the rigid column analysis, no column rupture occurs,
Instantaneous opening of Sty. Gate valve, and the discharge
area of the valves is the same with the cross sectional area of
the adjacent pipes.
2.2.1. System A: Graze laboratory set-up
2.2.1.1. Model formulation. A computer model was set-up in
WANDA Transient version 3, as shown in Fig. 3 to model
the experimental set-up of Graze (see Fig. 1) A BOUNDH
reservoir was used to model the constant head (HAÞ main sup-
ply. The quick-acting valve, galvanized steel pipe (vertical and
horizontal sections) and plastic pipe (containing the air pocket)
were modelled with a STy: gate (ideal standard valve), a pipe
lambda and a vertical non-vented air vessel respectively.
The two-way resist.quadr. xi component was used to model
the overall hydraulic loss co-efficient (except friction) from
the main supply to the air vessel.
Since it is required to set-up an initial pressure head (Hi) in
the air vessel before the start of transient state simulation, two
additional components were attached for this purpose namely;
A second BOUNDH reservoir and valve were attached to
node E. The hydraulic node level C of this new reservoir is
the same as node E (even though the diagram suggests
otherwise).
And once the initial pressure head (HiÞ) in the air vessel is
set through a steady state simulation to approximate the initial
laboratory value given in [14], then this additional BOUNDH
reservoir is isolated from the system by closing the second
valve close to node C. It should be noted that the geometric
height shown in Fig. 3 is not an indication of the true height
of the physical system. This is just done for proper visualiza-
tion as the elevation above datum for each system component
was well incorporated in the model. The transient is initiated
by suddenly opening the Sty: Gate.Constant Head
BoundH (reservoir)
STy: Gate Pipe lambda
D B A
2-wa
Figure 3 Computer model for
Please cite this article in press as: Akpan PU et al., Modelling and transient simulation
(2015), http://dx.doi.org/10.1016/j.asej.2015.09.0062.2.1.2. Governing equations of the computer model. Some of
the components used in this model are represented mathemat-
ically in WANDA Transient as follows:
BOUNDH (Reservoir A): It is a constant pressure head
boundary condition. It prescribes the head (HGAÞ (see Eq. (1))
at the main supply.
HGA ¼ HA  hatm ¼ Constant ð1Þ
where: HA ¼ absolute pressure head at the main supply (m);
hatm ¼ atmospheric pressure head (10.3022 m as in [14]); and
HGA = gauge pressure head at the main supply (m).
Pipe Lambda: The head loss between two points say 1 and 2
along the pipe during transient state analysis is given as







where H1 ¼ upstream head at point 1 (m); H2 ¼ downstream
head at point 2 (m); v1 ¼ flow through pipe (m/s); L ¼ pipe
length between point 1 and 2 (m); d1 ¼ inner pipe diameter
(m); and f1 ¼ friction factor in the pipe (–).
2-way resist quadr.xi: specifies the overall loss co-efficient,
C, (except friction) in both directions of flow.
Air vessel (vertical non-vented) is modelled using Eq. (3).
This describes the behaviour of the enclosed air:
PVn ¼ C ð3Þ
2.2.1.3. Model simulation (steady and transient state). The sys-
tem parameters used for the simulations are presented in
Appendix A. Seven simulation runs were carried out: Runs
1AB, 2AB, 3AB, 5A, 6A, 21A and 23A. For each of them a
rigid column and a water hammer analysis was done for poly-
tropic index values of n ¼ 1:0; 1:2 and 1:4: and these runs were
broadly classified as the positive pressure input and the nega-
tive pressure input. For the positive pressure input Runs
(1AB, 3AB, 5A, 21A and 23A) the absolute pressure head at
the mains ðHAÞ was greater than the initial absolute pressure
head ðHiÞ of the air in the vessel. These runs depict typical
valve closure scenarios, where the sudden pressure rise due
to the obstruction of flow causes the fluid to flow backwards
to the air vessel first before subsequent oscillations occur. Runs
21A and 23A were for vessels with a larger diameter (0.096 m).Airvessel vertical non-vented





y resist quadr. xi
Graze’s Laboratory Set-up.









Figure 4 Computer model for the simple water main riser system.
Modelling and transient simulation of water flow 5A typical pump trip scenario is depicted by the negative
pressure runs (Runs 2AB and 6A), where the initial absolute
pressure of the air, ðHiÞ in the vessel causes flow out of the ves-
sel first before at the event of a pressure transient. This allows
for the study of the air behaviour undergoing temperature
changes below ambient conditions. The time for simulation
was set to five seconds for the smaller vessel and ten seconds
for the larger vessel runs.
2.2.2. System B: Simple water main riser system
2.2.2.1. Model formulation. The water main riser system is mod-
elled in WANDA as shown in Fig. 4. The pump was modelled
using a discharge boundary BOUNDQ (reservoir). At steady
state, it discharges the specified flow rate into the system. How-
ever, during transient analysis, the discharge is time dependent
and a linear variation has been adopted for this model. An ideal
check valve with zero loss co-efficient at the fully opened posi-
tion was used. A vertical non-vented air vessel, pipe lambda
and a constant pressure head boundary condition (BOUNDH
reservoir) were used to model the air vessel, the main riser and
the overhead reservoir respectively.
2.2.2.2. Governing equations and assumptions. The governing
equations for each of the system component used for this com-
puter model are the same as discussed in Section 2.2.1.2. The
only new component that was introduced here is the time
dependent discharge boundary reservoir (BOUNDQ) which



























Figure 5 Comparing simulation resul
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(2015), http://dx.doi.org/10.1016/j.asej.2015.09.006Ideal check valve: The loss – coefficient was taken as zero,
and continuity equation applies. It closes when discharge is less
than zero i.e. _V < 0.
In addition to the assumptions (i)–(vi) made in Section 2.2,
the following simplifications were also made for this system:
(i) The discharge area of the valves is the same with the
cross sectional area of the adjacent pipes.
(ii) The pump discharge drops from 381 m3/h to zero within
0.01 s as soon as the pump is tripped.
(iii) The pipe connecting the pump and the check is so short
when compared to the overall pipe length that the
hydraulic node condition of the pumps’ discharge is
the same as the inlet of the check valve.
(iv) The air vessel is located close to the check valve and
pump—the hydraulic condition of the check valve exit
is the same as the inlet condition in the air vessel.
2.2.2.3. Model simulation (steady and transient state). The
system parameters used for the simulations are presented in
Appendix B. Simulation was done for only two cases (Case
B and Case D). In each case, a rigid column and a water
hammer analysis was done for Polytropic index values of
n ¼ 1:0; 1:2 and 1.4. Both cases depict a typical pump trip
scenario where the initial absolute pressure of the air, Hi, in
the vessel causes flow out of the vessel first at the event of a
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System A: Air vessel
Rigid Column Water Hammer

















System A: Pressure Predicon
Proﬁle of Pipe




Head max (Water hammer)
Figure 7 Pressure head envelope along the pipeline (comparing























System B: Air vessel
Case B Case D 
Figure 8 Effect of initial air volume
6 P.U. Akpan et al.
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(2015), http://dx.doi.org/10.1016/j.asej.2015.09.006that the initial volume of air in case B is greater than that of
case D.
3. Results and discussion
3.1. Validating polytropic model simulation results from
WANDA transient
In order to validate the results of the computer models, exper-
imental data available in [14] were used for comparison. The
experimental results available were for the dynamic behaviour
of the air in the air vessel. If the prediction of the dynamic
behaviour of the entrapped air in the air vessel is accurate then
the other WANDA Transient predictions for the flow along
the pipeline could be said to be accurate. Fig. 5(a) and (b)
shows the time history of volume per unit area (air column)
and absolute pressure head for the entrapped air in the air ves-
sel. The simulation results for n= 1.2 closely predict the
experimental result obtained by Graze [14]. This same observa-
tion was made for the other simulation runs and cases.
It should be noted also that some results presented here


























System B: Air vessel
Case B Case D 
on simple water main riser system.












System B Proﬁle of Pipe
Minimum Head (Case B)
Maximu head (Case B)
Minimum  head(Case D)
Maximum  head (Case D)
Figure 9 Pressure envelope along the pipeline for the simple
main riser system (the effect of initial air volume level).
Modelling and transient simulation of water flow 7the pipeline – whilst examining the effects of varying the poly-
tropic index, the effects of the method of analysis (rigid versus
water hammer) and the effect of the initial air volume in the air
vessel on the transient behaviour of the flow in the pipeline,
were not presented in Graze’s work and as such there are no
data to compare them with. However, these results are very
important in the discussion because it would have been a com-
plete waste of time if we just examine the behaviour of the air
in the air vessel without considering the effect it has on the
pipeline it was designed to protect.
3.2. Rigid column versus water hammer analysis
Graze experiment: Results from Run 2AB shown in Fig. 6


























Figure 10 Effect of polytr
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(2015), http://dx.doi.org/10.1016/j.asej.2015.09.006the runs. The rigid column and the water hammer analysis pre-
dict an identical behaviour for the enclosed air in the vessel for
the air volume per unit area and absolute pressure head. How-
ever, this close proximity is not replicated for the pressure
envelope (lines showing the maximum and minimum pressure
values along the pipeline) in the pipe (see Fig. 7). The water
hammer analysis predicts a sub-atmospheric condition in the
pipeline for this particular run whereas the rigid column does
not.
3.3. Effect of initial air volume level
The effectiveness of an air vessel as a surge protection device is
affected partly by the rate at which the pressure of the enclosed
air changes during pressure transient conditions [2]. For a
given air vessel size, one of the factors that affects this rate
of change is the initial air volume level in the vessel. The initial
air volume level of case B before the transient event (see
Fig. 8a) was higher than that of case D and this is responsible
for its reduced rate of change of absolute air pressure during
the transient period (see Fig. 8b). The effect of this is a smaller
pressure envelope for case B (see Fig. 9) hence a better
protection for the pipeline. However this increase in initial
air volumes level in the pipeline comes with additional cost
when sizing air vessels.
3.4. Effect of polytropic index value
The polytropic index is important in modelling to what extent
the air expands during a pump trip event as this helps to
determine the size of the vessel for a given amount of initial
air volume. Take an instance of case D in Fig. 10(a). It can
be seen that for a given initial volume of air, that the
‘‘isothermal process”, n ¼ 1:0 would give rise to a larger air
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of water flow in pipelines using WANDA Transient software, Ain Shams Eng J
Figure 11 Pressure envelope along the pipeline for Case D (the effect of polytropic index).
8 P.U. Akpan et al.because the final volume of expansion of the air for the
‘‘isothermal process” is much larger than the ‘‘adiabatic pro-
cess”. The rate of change of the pressure in Fig. 10(b) is much
rapid for the adiabatic process n ¼ 1:4 than for the isothermal
process n ¼ 1:0. This is to be expected in accordance with the
Polytropic relation (Eq. (3)). The consequence that this has on
pressure envelope of the pipeline is shown in Fig. 11. For a
constant initial volume of air, the effect of designing an air ves-
sel with a polytropic index value of 1.0 gives the pipeline a bet-
ter protection as the minimum head predicted is much higher
than for other index values. Although this comes with increase
in air vessel size and hence increased cost, these effects were
also observed for the other simulation runs and cases.
4. Conclusions
A computer modelling and transient simulation of water flow
in two different pipeline systems were considered in this work
using WANDA Transient software.
The simulation results shows that it is reasonably accurate
to approximate the air behaviour in air vessel used for water
pipeline protection systems, by using a rigid column analysis,
as this simplifies the problem and saves computational
time. The same cannot be said of the pipeline pressure head
envelope predictions as the water hammer analysis is still more
accurate.
The trend of the results obtained from both systems’ com-
puter models agrees with already established knowledge of
effects of initial air volume, effect of polytropic index values
and rigid column approximations on the dynamic behaviourPlease cite this article in press as: Akpan PU et al., Modelling and transient simulation
(2015), http://dx.doi.org/10.1016/j.asej.2015.09.006of the enclosed air in an air vessel during pressure transients
and how it protects pipelines.
The Graze experiment simulation results obtained for poly-
tropic index value of n ¼ 1:2 tend to agree more with the
experimental results for all the Runs in the experimental sys-
tem while simulation results obtained for polytropic index
value of 1.4 for the simple main water riser system tend to
agree more with those from Graze’s results. The level of accu-
racy of the predictions from the computer models for both sys-
tems is sufficiently high.
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Appendix A
System parameters and initial conditions for System A (Graze
Laboratory Set-up) simulation [14].
Note:
(i) Gauge pressure head (HpÞ specified for the temporary
BOUNDH reservoir used to pressurize the air vessel ini-
tially was obtained by carrying out a steady state analy-
sis of the system in WANDA.of water flow in pipelines using WANDA Transient software, Ain Shams Eng J
Table A1 System parameters and initial conditions for graze experiment [14].
Parameters/variables Run no.
1AB 2AB 3AB 5A 6A 21A 23A
L11 (m) 16.4592 16.4592 16.4592 16.4592 16.4592 16.3678 16.3678
L12 (m) 1.0363 1.0363 1.0363 1.0363 1.0363 1.0363 1.0363
L21 (m) 3.0480 3.0480 3.0480 3.0480 3.0480 3.0480 3.0480
d1 (m) 0.0508 0.0508 0.0508 0.0508 0.0508 0.0508 0.0508
d2 (m) 0.0512 0.0512 0.0512 0.0512 0.0512 0.0960 0.0960
hatm (m) 10.3022 10.3022 10.3022 10.3022 10.3022 10.3022 10.3022
HA (m) 22.4333 22.4333 22.4333 15.3010 15.3010 22.4333 15.3010
HGA (m) 12.1311 12.1311 12.1311 4.9989 4.9989 12.1311 4.9989
Hp (m) 2.26 30.36 2.27 2.265 19.98 2.26 2.25
f1 0.029 0.029 0.029 0.029 0.029 0.029 0.029
f2 0.021 0.021 0.021 0.021 0.021 0.0207 0.0207
C 1.81 1.81 1.81 1.81 1.81 2.25 2.25
Initial conditions for transient simulation at vi = 0 m/s
Hi (m) 10.3022 37.1856 10.3022 10.3022 26.8224 10.3022 10.3022
Xi (m) 1.8288 0.6096 1.8166 1.8227 0.6218 1.8288 1.8349
Ti (C) 20.1833 20.1833 19.0722 18.7940 18.7940 21.4610 21.4610
Time of valve opening (s) 0.0491 0.0446 0.0359 0.0394 0.0441 0.0388 0.044
Modelling and transient simulation of water flow 9(ii) It is the gauge pressure head values ðHGAÞ that were
inputted into the WANDA software because that is
how the software is configured.
(iii) For constant friction factor simulations, the friction
factors for the pipe and air vessel were 0.029 and 0.021
(see Table A1).
Appendix B
System B: Parameters and Initial conditions for the simple
water main riser simulation [14].
Note: For constant friction factor simulations, the friction
factors for the pipe and air vessel were 0.02 and 0.017 (see
Table B1).Table B1 Parameters and initial conditions for the simple
water main riser simulation [14].
Parameters/variables Case B Case D
Length of main riser L11 (m) 2438.4 2438.4
Length of pipe to air vessel (L12) (m) 0.3048 0.3048
Air vessel height (L21) (m) 4.267 4.267
Diameter of main riser (d1) (m) 0.3048 0.3048
Air vessel diameter (d2) (m) 0.912 0.912
Hatmos (m) 10.3022 10.3022
Static lift (m) 64 64
Hi (m) 88.941 88.605
Xi (m) 2.08 1.472
Initial velocity (vi) in m/s 1.45 1.45
T1 (C) 20.1833 20.1833
Initial volume of air (m3) 1.359 1.138
Pipe relative roughness (e/d1) 0.001 0.001
Pump discharge (m3/h) 381 381
Position of air vessel Vertical Vertical
Orifice With Without
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